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Simplified and Enhanced Multiple Level Nested
Arrays Exploiting High Order Difference Co-Arrays

Qing Shen, Wei Liu, Senior Member, IEEE, Wei Cui, Siliang Wu, and Piya Pal, Member, IEEE

Abstract—Based on the high order difference co-array con-
cept, an enhanced four level nested array (E-FL-NA) is first
proposed, which optimizes the consecutive lags at the fourth
order difference co-array stage. To simplify sensor location
formulations for comprehensive illustration and also convenient
structure construction, a simplified and enhanced four level
nested array (SE-FL-NA) is then proposed, whose performance
is compromised but still better than the four level nested array
(FL-NA). This simplified structure is further extended to the
higher order case with multiple sub-arrays, referred to as sim-
plified and enhanced multiple level nested arrays (SE-ML-NAs),
where significantly increased degrees of freedom (DOFs) can be
provided and exploited for underdetermined DOA estimation.
Simulation results are provided to demonstrate the performance
of the proposed E-FL-NA, while a higher number of detectable
sources is achieved by the SE-ML-NA with a limited number of
physical sensors.

Index Terms—sparse array, higher order, difference co-array,
direction of arrival estimation, nested array.

I. INTRODUCTION

Direction of arrival (DOA) estimation is a fundamental
problem in array signal processing [1]-[4], and has been
studied extensively over the decades. It is well known that for
an N-sensor uniform linear array (ULA), only N — 1 degrees
of freedom (DOFs) can be exploited for DOA estimation by
commonly used subspace based methods such as MUSIC [5],
ESPRIT [6], and compressive sensing (CS) based methods
such as ¢;-SVD [7].

In the past few years, DOA estimation for the underdeter-
mined case where the number of sources is larger than the
number of physical sensors has attracted significant attention
[8], and various sparse arrays [9]-[11] have been proposed
as possible solutions, among which nested arrays [12] and
co-prime arrays [13], [14] are the most notable configura-
tions presented recently. In [15], co-prime arrays with com-
pressed inter-element spacing (CACIS) and co-prime arrays
with displaced subarrays (CADiS) are proposed, while super
nested arrays [16], [17] and augmented nested arrays [18] are
introduced to reduce mutual coupling. Furthermore, thinned
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co-prime arrays are proposed in [19], [20], offering further
increased DOFs for DOA estimation. Moreover, a single ULA
acting as two sub-arrays of a co-prime array configuration
at two continuous-wave signals of co-prime frequencies is
employed in [21]. This idea is extended to multiple frequencies
in [22]-[24]. Based on the co-array equivalence, except for the
spatial smoothing based subspace approaches such as MUSIC
(SS-MUSIC) [12]-[14], [25], [26], DOA estimation algorithms
under the CS framework [15], [27]-[29] can also be utilized.

Most of the aforementioned works are based on the second
order difference co-arrays, and their Cramér-Rao Bounds
(CRBs) are given in [30]-[32]. On the other hand, high
order statistics have been exploited for underdetermined DOA
estimation over the decades. The fourth order cumulants based
DOA estimation methods are proposed in [33], [34], and its
virtual array concept is presented in [35]. Recently, the 2¢-
th order cumulants are exploited for DOA estimation and its
performance such as DOFs and resolution power improves
with the increase of g [36]-[38]. Then, the 2¢-th order differ-
ence co-array concept is proposed in [39], corresponding to
the manifold of the virtual array configuration generated by
vectorizing the 2¢-th order circular cumulant matrix. Further-
more, multiple level nested arrays (ML-NAs) are introduced
with a substantial increase in the number of DOFs [39]. SS-
MUSIC is applied to find the DOAs for the narrowband case
[39], while the group sparsity based method [28], [40] and a
focusing-based method within the CS framework is presented
in [41] for the wideband case.

Although the ML-NA provides a systematic way for con-
venient structure construction, it is not optimum and further
improvement is possible. Our first attempt in [42], [43] gives a
sparse array construction method with the fourth order differ-
ence co-array enhancement by introducing a third sub-array to
the nested array and co-prime array, respectively, forming the
structures referred to as SAFOE-NA and SAFOE-CPA, and a
DOA estimation method for nonstationary sources based on
the fourth order difference co-arrays is presented in [43]. An
expanding and shift scheme is proposed in [44], leading to
structures with more DOFs at the fourth order difference co-
array stage, i.e., EAS-NA-NA and EAS-NA-CPA. In [45], a
two level nested array for fourth order cumulant based DOA
estimation (2L-FO-NA) is proposed with hole-free co-arrays
achieved, and more potential DOFs can be provided compared
with the SAFOE-NA [42] when the sensor number is smaller
than 12. Based on the fourth order difference co-arrays, an
extension of co-prime arrays is presented in [46], and DOA
estimation for non-circular signals is studied in [47].

In this paper, we further investigate the array structure
optimization problem exploiting the fourth order difference
co-array concept. Based on the property of permutation invari-



ance, the fourth order difference co-array can be considered as
a further second order difference co-array, which is based on
the virtual array corresponding to the first-level second order
difference co-array of the original physical array. Then, an
array construction method is proposed by constructing two
sub-arrays simultaneously to form an enhanced four level
nested array (E-FL-NA), maximizing the consecutive co-array
lags by arranging the virtual ULA sets associated with extra
sensors to be adjacent to each other. By exploiting the physical
array aperture along with the virtual array aperture and its
symmetric information, a great increase in the number of
consecutive co-array lags is achieved.

The formulations of sensor positions in the constructed
E-FL-NA and other configurations such as SAFOE-NA and
EAS-NA-NA are complicated, and will be much more com-
plicated and difficult to follow when extended to the 2g-th
order case following a similar construction method, where the
sub-array sensor position will be a linear combination of the
virtual ULA apertures at the lower order difference co-array
stage, and each aperture is also a linear combination of the
ULA apertures at the lower order difference co-array stage.

Therefore, we simplify the sensor distribution formulations
for convenient structure construction and comprehensive illus-
tration with an assistant sensor at the zeroth position, which
is finally removed from our resultant simplified and enhanced
four level nested array (SE-FL-NA). Except for the ML-NA
[39], constructing sparse array structures for higher order dif-
ference co-arrays is still an unsolved problem. By investigating
the 2¢-th order difference co-arrays, it can be considered as the
difference between the second order difference co-array and
the 2(q — 1)-th order difference co-array, and there would be
potential increase of DOFs at each 2m-th (1 < m < ¢) order
difference co-array stage. Then, the simplified and enhanced
configuration SE-FL-NA is extended to the 2¢-th order based
on the link between the 2¢-th order and the 2(q — 1)-th order
difference co-arrays, forming a generalized and optimized
configuration, referred to as simplified and enhanced 2g-th
level nested array (SE-2¢L-NA), providing a convenient con-
struction for the exploration of high order difference co-arrays.
It is noted that the formulations of the sensor positions in the
SE-ML-NA are independent of the virtual ULA apertures or
any other information at the lower order stage. As a result, the
SE-ML-NA is far more comprehensive.

Our contributions are therefore: 1) introducing the fourth
order difference co-array concept from the perspective of
applying the second order difference co-array twice, and
developing an enhanced four level nested array to maximize
the consecutive co-array lags, achieving a higher number of
DOFs than existing configurations; 2) for convenient structure
construction, sensor position formulations are further simpli-
fied; 3) the sparse array construction method is extended to
high order difference co-arrays, and a simplified and enhanced
multiple level nested array (SE-ML-NA) is proposed with
simple formulations for each sensor location.

This paper is organized as follows. Definition of the high
order difference co-array and the ML-NA are introduced in
Section II. The proposed enhanced four level nested arrays
exploring the fourth order difference co-arrays is presented in
Section III, while the sparse array design method for the high

order co-array case and the simplified and enhanced multiple
nested arrays are proposed in Section IV with the exact number
of consecutive lags derived. Simulation results are provided in
Section V, and conclusions are drawn in Section VI.

II. HIGH-ORDER DIFFERENCE CO-ARRAY PERSPECTIVE
AND MULTIPLE LEVEL NESTED ARRAYS

A. Virtual Array Generation from the High Order Difference
Co-Array Perspective

Consider a general linear array with N physical sensors.
The set of sensor positions S is expressed as

S={ho-d,hy-d,....hyx_1-d}, (1)

where h, - d is the position of the n-th sensor, n =
0,1,...,N —1, and d is the unit spacing satisfying d < \/2
with A being the signal wavelength.

Definition 1: For the linear array in (1), the set of the 2¢-th
(¢ is an integer and ¢ > 1) order difference co-array is defined
as [39]

CQq = (I)Qq -d ) (2)

where the set of the 2¢-th order difference co-array lags

q 2q
@zqz{Zhnm— > hnm0<nm<N—1} . (3)
m=1

m=q-+1

To exploit the increased DOFs offered by the 2¢g-th order
difference co-array for underdetermined DOA estimation, a
virtual array signal model with a series of virtual sensors
distributed at the set Cq, is required. Assume that there are
K mutually uncorrelated zero-mean narrowband signals sy (t)
impinging from the far-field directions 0,k = 1,2,..., K,
respectively. The array output model in discrete version is

x[i] = A(@)s[i] + nli] , 4)

where x[i] is the observed N x 1 signal vector, s[i] =
[s1[i], ..., sk[i]]" is the source signal vector consisting of
all the impinging signals, and {-}7 denotes the transpose
operation. n[i] represents the noise vector, and the N x K
steering matrix A(0) = [a(f1),...,a(0k)], with its k-th
column vector a(fy) being the steering vector corresponding
to the k-th source signal, expressed as

2mhgd 2mhpy_qd
X

. . T
a(0)) = [e7 00 e o] 9)

By calculating the 2¢-th order circular cumulants, a cu-
mulant matrix Coq «(p) for the arrangement indexed by
(0 < 1 < @) can be obtained, given by [36], [37], [39]

K
Cogx(p) = Z C2q,5% [a(@k)@)“ ® a(gk)*(@(q*u)}
= (©6)

H
x (a0 @ a(0) @] " + 02y 8(g 1) ,

where {-}* is the conjugate operation and {-}#! represents the
Hermitian transpose. a(f;)®* £ a(6y) ® a(0y) ® ... ® a(6y)
is an N* x 1 column vector, with the Kronecker product (®)

of in total y of the vectors a(l,0;). o2 is the noise power,



Ine is the N7 x N7 identity matrix, and 0(-) is the Kronecker
delta function. ca4 g, is the 2g-th order circular auto-cumulant
of sg[i], obtained by [48]

q times

—_—~
C2q,s, = Cum{skma"'ask[i]v SZ[Z]aaszm } ’ (7)

q times

with Cum{-} denoting the cumulant operator. For zero-mean
white Gaussian noise, its 2¢-th (¢ > 2) order auto-cumulant
is zero. Therefore, the second term in (6) related to noise is
zero for ¢ > 2.

According to Theorem 1 in [39], vectorizing the 2g-th
cumulant matrix Cgq x(pt) yields a virtual array model inde-
pendent of p

z = vec {Cogx (1)} = B(O)u+ 02Ty - 6(g—1), (8)

where Tqu is an N29 x 1 column vector obtained by vec-
torizing the identity matrix Ina. u = [Cags;s- .- C2q,55)
is the equivalent signal vector consisting of all the 2g-th
order auto-cumulants of the source signals, while B(0) =
[b(0;),...,b(0k)] is the equivalent steering matrix behaving
like the manifold of virtual sensors located at the set of the
2¢-th order difference co-array C,, in (2), with each of its
column vectors expressed as

blk) = [a(ek)@‘ ® a(ﬁk)*®(qw)r

©)
® [a(00) ™" @ a(0,) )] .

B. Nested Arrays with Multiple Levels

The number of virtual sensors in Cy, is much larger than the
number of physical sensors, and 2g-level nested arrays (2¢gL-
NAs) [39] are designed to optimize the virtual ULA segment
included in the 2¢-th order difference co-array. These increased
DOFs offered by the virtual ULA can be exploited by a spatial
smoothing based subspace method [12], [39].

Definition 2: A typical 2g-level nested array [39] consists
of 2¢ uniform linear sub-arrays. Denote Ny = 1, for 1 < m <
2q — 1, the m-th sub-array has N,,, — 1 sensors located at

m—1
Sm:{nd<H Nm> n:1,2,...,Nm—l} . (10
m=0

while the sensors of the 2¢-th sub-array with Ny, sensors are
located at

2q—1
Sgq = {nd<H N,;,) |n:1,2,...,N2q} . D
m=0

Then, there are N = ngzl (Nm — 1) + 1 physical sensors
in total.

By Lemma 1 in [39], the number of virtual ULA sensors
in the 2¢-th order difference co-array of the 2qL-NA reaches

2q—1

2q
MML:2(HNm+HNm)—1. (12)
m=1 m=1

The maximum number of virtual ULA sensors included in
the 2¢g-th order difference co-array Cs, indicates the maximum

number of consecutive lags in ®5,, and with an appropriate
unit spacing d < \/2 between adjacent virtual sensors to avoid
spatial aliasing, DOFs provided by this ULA segment can be
exploited through various DOA estimation methods based on
(8). In particular, spatial smoothing based subspace methods in
[12]-[14], [39] and the subspace method based on a reshaping
process to form a Toeplitz matrix in [49] can only exploit
the DOFs provided by the virtual ULA segment, while the
CS-based method [15], [27], [28] is capable of exploiting the
DOFs provided by all the unique virtual sensors.

Remark 1: The number of virtual sensors of the 2¢-th order
difference co-array is N2¢ including redundancies. The 2¢L-
NA gives rise to O(N?9) consecutive lags at the 2g-th order
stage compared with N27 total lags including redundancies,
showing that it is an effective and attractive structure, although
it is not optimum and further improvement is possible. As will
be demonstrated, in our proposed array construction methods,
the consecutive segments in ®5, associated with introduced
sensors are designed to be adjacent to each other. In this way,
based on a standard TL-NA with certain redundancies at the
2q-order difference co-array stage, we optimize the redundan-
cies introduced by each additional sensor under construction,
and therefore both the consecutive lags and the unique lags are
increased compared with the 2¢L-NA. As in [15], [39], [42],
[43], the achievable number of consecutive virtual sensors
is considered for quantitative evaluation, comparison, and
optimal design.

III. SPARSE ARRAY OPTIMIZATION BASED ON THE
FOURTH ORDER DIFFERENCE CO-ARRAY CONCEPT

For the TL-NAs, their second order difference co-arrays
provide a significant increase in DOFs by exploring the
features of the given physical geometry. However, the non-
uniform feature of the generated virtual array at the second
order is not optimized for the fourth order difference co-
array usage, and the increase of DOFs is limited at the latter
stage. By analysing the consecutive lags associated with the
introduced additional sensors, we optimize/adjust the non-
uniformity of the second-order difference co-array so that the
consecutive segments associated with introduced sensors at
the fourth-order difference co-array stage are adjacent to each
other, leading to an even higher number of DOFs.

A. Fourth Order Difference Co-Array Perspective

According to Definition 1, the second order difference co-
array (also known as difference co-array) is defined as

Co=05-d,

13
<I>2:{hnl—hm|n1,n2:O,1,...,N—1}‘ ( )

Similarly, the fourth order difference co-array is expressed

as C4 = ®4 - d, where for ni,ng,ng,ngy = 0,1,...,N — 1,
the set of the fourth order difference co-array lags
Py = {hnl + hnz - hns - hn4}
= {(hnl - h’ﬂs) - (hﬂ4 - hﬂz)} (14)

= {1 — p2 | p1,p2 € P2},
where (1 = fn, — hpy, € o and pg = Ry, — Ay, € $o.



d 2d (N, —1)d

e o .- @0 O o o
Nid 2N1d N1Nod
Fig. 1. Structure of a general TL-NA with two uniform linear sub-arrays.
d (N, —1)d
®---@®@ 0 o & & < 4
Nld NlNgd qu OéNS_ld Bld BN4—1d
TL-NA part The constructed two sub-arrays

Fig. 2. A general structure of the E-FL-NA, consisting of four uniform linear
sub-arrays, with their sensors indicated as e, o, ¢, and <, respectively.

From this point of view, the fourth order difference co-array
can be obtained by calculating the second order difference
co-array of the virtual array generated at the second order
difference co-array stage with virtual sensors given in Cs.

A general TL-NA according to Definition 2 for ¢ = 1 is
shown in Fig. 1, where the first sub-array has N; — 1 sensors
starting from the position 1d with an inter-element spacing
d, and the second sub-array has N, sensors starting from the
position N1d with the inter-element spacing N1d. Denote S,,
as the sensor position set of the m-th sub-array, the sensor
positions of a TL-NA can be expressed as

Slz{n1d|n1:1,2...,N1—1} s

15
ng{ngNld‘n2:1,2...,N2}. ( )

There are N; + Ny — 1 physical sensors in total, and
the second order difference co-array lags achieved can be
expressed as

(I)QZ{ILL‘—N1N2+1SMSN1N2_1,,U/€Z}, (16)

where Z denotes the set of all integers.

Note that &5 of the TL-NA only contains consecutive
integers from —N1Ny + 1 to N3 Ns — 1, corresponding to
a ULA with 2N; Ny, — 1 virtual sensors at the second-order
difference co-array stage. Furthermore, the four level nested
array (FL-NA) is not optimum since the physical array aperture
and the symmetric features in the second order difference co-
array have not been fully exploited in array construction.

B. Extended Four Level Nested Arrays with Fourth Order
Difference Co-Array Enhancement

As illustrated in our earlier work [42], the sparse array with
the fourth order difference co-array enhancement based on a
TL-NA (SAFOE-NA) provides a larger number of consecutive
lags than the existing FL-NA when the sensor number N <
20. To form a better configuration compared with both the
SAFOE-NA and the FL-NA with a consistently larger number
of consecutive lags for different [V, an enhanced four level
nested array is proposed by constructing two extra sub-arrays
based on the TL-NA simultaneously.

Proposition 1: The enhanced four level nested array (E-FL-
NA) consisting of four uniform linear sub-arrays is shown in

Fig. 2, where for dy, = N3(2N1 N3 — 1) + N1 Ny — 1, the
locations of the E-FL-NA are given as
Si={md|m=1,2...,N, -1},
Se ={naNid |n2 =1,2...,Na} .
Sg = {(BN1 N2 — 1)d + (n3 — 1)(2N1 Ny — 1)d |
nyg=1,2,..., N3 — 1},
S4 = {2N5(2N1 N3 — 1)d + (ng — 1)dp,d |
ng=1,2,...,Ny— 1} .

a7

The set of the consecutive fourth order difference co-array lags
¢ of our proposed structure is updated to

¢ = {u| —Mp <p < MpyopeZ},  (18)

ax

where Mr;‘flax = N3N4(2N1N2 — 1) + (N4 — 1)(N1N2 — 1) — 1,
and the number of consecutive lags is 2M2  + 1.

Proof: Denote ap,d (n3 =1,2,...,N3—1) and 5,,,d (ng =
1,2,..., Ngs—1) as the nz-th sensor position of the third sub-
array and the n4-th sensor position of the fourth sub-array,
respectively. Due to symmetry of the high order difference
co-arrays, we only analyze the positive part.

By analyzing the cross-difference co-array between the
introduced sensors and the original TL-NA sensors according
to (16) with the consecutive integers ranging from —/N; Ny +1
to N1 Ny — 1 in the original TL-NA, the sets of consecutive
integers at the fourth order difference co-array stage associated
with a,,,d and f3,,,d are given as

ban, = {00 | Vo, <1< Ca,, wEL}, (19)
¢p,., ={nlvs,, <pu<ds,, mel},

where
Vap, = Qng — 2N1 N> + 1, Comg =an;, + NiNy =2,

(20)
VB"4 = ﬂn‘* - 2N1N2 + 17 C67L4 = /B’I’L4 + N1N2 - 2 .

Without loss of generality, assume that the fourth sub-
array has the largest inter-element spacing, and f3,, > ay,,
Vny=1,2,...,N3—1,n4=1,2,..., Ny — 1. By examining
the fourth order cross-difference co-arrays between the third
sub-array and the fourth sub-array, the set of consecutive lags
associated with f3,,,d — a,,d according to (16) is given by

Span37ﬂn4 = {/’L | Van37ﬂn4 S H S Can375n4’/"t € Z} ) (21)
with the lower bound and upper bound expressed as
Van37ﬂn4 = B”M - a713 - N1N2 + 1 9
Cang B, = Bna — @ng + N1N2 — 1.

To maximize the consecutive range associated with each
sensor in the fourth sub-array, the following relationship
should be satisfied to ensure the covered ranges with a fixed
ny are adjacent to each other:

(22)

<(¥n3+17ﬁn4 +1= Van37ﬁn4 : (23)

Then we can obtain the inter-element spacing of the third
sub-array by solving (23), given by

dN3 = Qpz4+1 — Opg = 2N1N2 —1. (24)



As a result, V1 < ng3 < N3 — 1, the set of consecutive

integers associated with 3,,,d is combined into
Po,Bn, = Par,Bn, U Paz,Bn, - U Pang—1,8n, (25)
= {:u | Van,—1,6n, Sps Ca175n4vﬂ' € Z} )

where
= Bny —an,—1 — N1Nay+ 1,
:ﬂn4—a1+NlNQ—1.

VaN3—1;Bn4

26
Cal ;Bn4 ( )

A straightforward idea is to arrange these sets g 3, to be
adjacent to each other by ensuring va v, ;,8,,+1 = Gay,8,, T1-

However, a further improvement can be achieved by ensur-
ing qﬁgm in (19) and Pa,Bn, in (25) to be adjacent to form a
larger set containing increased number of consecutive integers
associated with (,,,d, with the relationship expressed as

VBn, = C(X17Bn4 +1=pn, —2N1Na +1

27
= Bpy —a1 + NiNa —1+1.
Then, the starting position in the third sub-array is
a1 = 3N1N2 —1. (28)

Therefore, a large set ¢g, of consecutive difference co-
array lags associated with [3,,,d is generated by

@@%::¢&utjwaﬁw
= {.u | Van,—1,8n, Sp< Cﬁn47ﬂ € Z} .

By allowing vay, ,.8,,,1 = (3, + 1, the inter-element
spacing of the fourth sub-array is

(29)

dN4 = Bn4+1 - 6n4 = N3(2N1N2 - 1) + NNy —1. (30)

For f51d in the fourth sub-array, the lower bound v, 3,
is arranged to be (oy, , in (19) plus 1 for the fourth order
difference co-array optimization, given by

Vans—1,61 = CozN371 +l=an,—1+N1No—2+1

(3D
=p1—an;—1 —NiN2+ 1.
Then we can obtain the starting sensor position as
B1=2N3(2N1Na — 1) = an,—1 + Bust1 — Bny - (32)

Finally, Bx,—1 is expressed as

/BN4—1 = ﬂl + (N4 - 1) (ﬁmﬁ-l - Bm;)
— N3Na(2N1 Ny — 1) + (Ny — 2)(N1 N3 — 1) |

and the maximum integer in the set of consecutive fourth order
difference co-array lags can be obtained as

M;llax = <5N4—1 = 51\/'471 + N1N2 -2

33
=N3N4 (2N Ny — 1) + (Ny — 1) (N1 Ny — 1) — 1. ©3)

Remark 2-(1): (N1 N2 —1)d is the original physical aperture
of the TL-NA part, while (2N; N2 — 1)d is the number of
consecutive lags (virtual array aperture) at the second order
difference co-array stage. The larger spacings in the extra two
sub-arrays are due to exploration of the physical aperture and
the symmetric information at the second order difference co-
array stage, which is not exploited in the design of the FL-NA
[39].

Remark 2-(2) Since 041—N1N2 = Qpg+1—Opg = 2N1N2—
1 and By = an,—1 + Bn,+1 — Bn, as shown in (32), the last
sensor in the original TL-NA can also be considered as part
of the third sub-array located at cod, whereas oy, —1d can be
treated as [yd in the fourth sub-array. Therefore, the structure
of our proposed E-FL-NA is similar to the FL-NA with its
sensor number being N = Z;Zl (N — 1) + 1.

Remark 2-(3): The number of consecutive lags 2M2 +1 is
the aperture of the virtual ULA at the fourth order difference
co-array stage, and according to (33), it contains the physical
array aperture and the virtual ULA aperture at the second order
stage. Furthermore, denote P, as the aperture of the (virtual)
ULA at the 2¢g-th order stage with ¢ = O representing the
physical array, the inter-element spacings of the latter two sub-
arrays in (24) and (30) are a linear combination of the P, and
P>. When further extended to the high order case with a similar
construction method, there is no doubt that the spacings of the
(2¢ — 1)-th and 2¢-th sub-arrays will be a linear combination
of the apertures Paq, (g1 = 0,1,...,g—1), where each Py, is
also a linear combination of Ps,, with g2 =0,1,...,¢1 — 1,
leading to a much more complicated expressions for sensor
positions which is extremely difficult to follow.

IV. SIMPLIFIED AND ENHANCED MULTIPLE LEVEL
NESTED ARRAYS

As discussed in Remark 2-(3), for a more comprehensive
illustration and also convenient structure construction, we first
modify the E-FL-NA into a simplified and enhanced four
level nested array (SE-FL-NA) configuration by sacrificing
some potential DOFs but leading to a much more simple
formulations for sensor positions, and then extend it to the
high order case with a simplified and enhanced multiple
nested array (SE-ML-NA) proposed. It is noted that the sensor
position formulations of the SE-ML-NA are independent of the
apertures at the lower order difference co-array stage, and the
number of DOFs provided by the SE-ML-NA is still much
more than that of the ML-NA.

A. Simplified and Enhanced Four Level Nested Arrays

Proposition 2: The SE-FL-NA consists of four uniform lin-
ear sub-arrays, as shown in Fig. 3. The sets of sensor positions
in each sub-array S,,,, m = 1,2, 3,4, can be expressed as

S1={md|n=1,2,...,Ny — 1} |
So ={naNid|no=1,2,...,No} |
S3 = {n32NyNad | n3 = 1,2,..., Ny — 1} ,
Sy = {n42N1NyN3d | ny =1,2,..., Ng} .

(34)

With 22:1 (N, —1)+2 sensors in total, the set of consecutive
lags at the fourth order difference co-array stage is

(b4 = {,u | _Mrérllax Su< Mrérllax} ’

max

(35)

where Mrﬁax = 2N1NyN3N4 + N1 Ny, and the number of

consecutive co-array lags is 2M  + 1.

Proof: To simplify the formulations of array apertures, a
sensor at the zeroth position is added first. Denote oy, d (n3 =
1,2,...,N3 — 1) and B,,d (nqy = 1,2,...,Ny) as the ns-
th sensor position of the third sub-array (/N3 — 1 sensors in



d(Ny—1)d 2Ny Nad 2(N3—1)N; Ny
®---®@0O0 =+++ O & & < <
Nid NyNaod 9N, NoN3d 2N, NyN3N,d

TL-NA part

The constructed two sub-arrays

Fig. 3. A general configuration of the SE-FL-NA, consisting of four uniform
linear sub-arrays, with their sensors indicated as e, o, ¢, and <, respectively.

total) and the ny4-th sensor position of the fourth sub-array
(N4 sensors in total), respectively. Again we only analyze the
positive part.

For these pre-allocated sensors including the newly added
zeroth sensor, the second order difference co-array lags are

O ={p| -NiN2 < p< NiNoyp € Z} . (36)

By calculating the cross-difference co-array between the
introduced sensor and the pre-allocated sensors, the sets of
consecutive integers at the fourth order difference co-array
stage associated with a,,,d and $,,d can be expressed as

¢o¢n3 = {N | Vo, Sp < Cangvﬂ € Z} )

(37)
®8,, = {M | Vg, SH< (B, M E Z} ;

with
Voz,,,B = Opg — 2N1NZa Coan = Olng + N1N2 )

(38)
Vﬂn4 = B’fu - 2N1N2a <5n4 = /B'IL4 +N1N2 .

Without loss of generality, we follow the same assumption
that the fourth sub-array has the largest inter-element spacing,
E:Hldﬁm1 > Oén3,vn3 =1,2,...,N3—1,ng =1,2,..., Nys. By
examining the fourth order cross-difference co-arrays between
the two sub-arrays under construction, the set of consecutive
lags associated with 3,,,d — ay,,d is given by

Qpan37ﬂn4 = {/’[/ | Vangaﬂn‘l S /’L S Can3>B7L4} I (39)
with the lower bound and upper bound expressed as
Vo, Bny = By — ng — N1N2 (40)

Can3’6n4 = Bn4 - a’ng + N1N2 .

To ensure that the segments of consecutive lags ¢q,,. 8,
with respect to different cv,, while associated with a fixed 3,,,
are overlapped to form a larger uniform linear virtual array,
the following relationship should be satisfied:

Cang11.8n, 12 Vay, B, - 41)

Then, we can obtain the inter-element spacing of the third

sub-array by solving (41), given by
dN; = Qpyy1 — Qpy < 2N No + 1. (42)

For simplification, we set dy, = 2N1 Ny and a; = 2N Ns.

Therefore, the sensor positions of the third sub-array are

Oénad = (041 + (’Ilg — 1)dN3) d =2N;Nonsd . 43)

Obviously, ¢g,, and ¢, s, are overlapped. As a result,
Vns =1,2,..., N3, the set of consecutive integers associated
with f3,,,d is combined into

Vb, = Parbny | Pazibng - Pang-,60, [ 950, )
= {1t | Vary 1,60, SH< ooy €LY
with
Vang 1,8n, = Pny — Anz—1 — N1Na,
CBny, = Bna + N1N2 .

To enlarge the number of consecutive lags, we can arrange
the sets ¢, ~with adjacent sensors to be overlapped by
ensuring

(45)

Van, 1,8n,+1 < Cﬁn4 +1, (46)

and therefore the inter-element spacing of the fourth sub-array
dN4 = Bn4+1 - /Bn4 < an;—1 + 2N1 Ny +1
=2N;NoNs+1.

We fix dy, = 2N1N2N3, and set the first sensor in the
fourth sub-array 33 = 2N Ny N3 for convenience. Then, the
sensor positions of the fourth sub-array become

(47)

Bn,d = [B1 + (ng — 1)dy,]d = 2N1 NoN3ngd . (48)

The maximum integer in the set of consecutive fourth order
difference co-array lags can be achieved by
M. = Cay, = 2N1N2N3Ny + NiN, .

max

(49)

Corollary 1: With the a,.d defined in (43), the assistant
sensor at Od can be removed without sacrificing the number of
consecutive lags at the fourth order difference co-array stage.

Proof: See Appendix A.

As a result, the SE-FL-NA is derived and &%
be achieved by our proposed SE-FL-NA.

Remark 3: We compare M of the E-FL-NA in (33) by
replacing N4 with Ny + 1 and the SE-FL-NA in (49) with the
same sensor number N = an:l(Nm — 1) + 2. The term
2N; Ny N3Ny is the largest among all terms in M2 . and
by applying the Arithmetic Mean-Geometric Mean (AM-GM)
inequality, 2N7; No N3N, achieves the maximum value when
N,, =X 12, 1 < m < 4. Clearly, the ratio between M2 = in

(33) and (49) gets close to 1 with the increase of N, where
N,, is selected as an integer around %.

in (35) can

B. Simplified and Enhanced Multiple Level Nested Arrays

According to Definition 1, the 2g-th order difference co-
array for the general linear array given in (1) is expressed as
Cqq = Py, - d, where the set of the 2¢-th order difference
co-array lags is given by

q 2q
(qu = { Z hnm - Z hnm}
m=1

m=q-+1

2q—1 —1 (50)
_ {(hnq — Finy, ) — ( S hn, =Y hn> }

m=q+1 m=1
= {1 — p2 | 1 € Po, 2 € Pog_1)}



where n,, = 1,2,...,N — 1.

From this perspective, the 2¢-th order difference co-array
can be obtained by calculating the difference between the
virtual array at the second order difference co-array stage and
the virtual array at the 2(¢ — 1)-th order difference co-array
stage with virtual sensors in Cy(4_1)-

Proposition 3: Denote S,, as the sensor position set of
the m-th sub-array. As shown in Fig. 4, for a simplified and
enhanced 2q level nested array (SE-2¢L-NA, ¢ > 2) consisting
of 2¢q sub-arrays, the sets S,, for m = 1,2 and m = 2q are
expressed as

Slz{n1d|n1:1,2,...,N1—1} 5

SQ = {ngNld | Nng = 1,2,...,N2} s
2g—1 (29
qu = ’I’L2q2q_1 H de | Nog = 1,2, e ,Ngq N
7L2q:1
while S,, for 2 < m < 2¢q, m € Z with N,, — 1 sensors
located at
L m—1
S = {anLm? PTI Newd I = 1,2, Ny — 1} ,
N =1
(52)

where |z | returns the greatest integer that is less or equal to
z. Therefore, there are Zif:l(]\fm — 1) 4 2 sensors in total,
and the set of consecutive lags at the 2¢-th order difference
co-array stage is

P2 M2 2

o = {p| -Mply Sp< Mgl peZp,  (53)
with Mad = 2971 T[2_ N, + 29 2[[>Z7 N,,, and the
maximum number of consecutive lags at the 2q-th order
difference co-array stage is

2q 2q—2
oMt +1=2" [ N+ 297" J[ N +1. (59
m=1 m=1

Proof: Obviously, the SE-FL-NAs is obtained when g = 2.
For ¢ > 2, assume that the set of consecutive lags included
at the 2(q — 1)-th difference co-array stage of the derived SE-
2(g — 1)L-NA can be expressed as

@g(q_l) (55)

={p| —My-1y <p < Myq_1y,p € Z} ,
where Mg(q,l) < Mflngl) is a selected positive number of
the consecutive 2(q— 1)-th order difference co-array lags, with
the purpose of both enlarging the length of the consecutive co-
arrays of the enhanced array configuration and simplifying the
formulations of the sensor positions.

The optimum configuration of the SE-2¢L-NA can be
obtained by constructing two extra sub-arrays based on a given
SE-2(q — 1)L-NA. Denote Nog_1 — 1 and Ny, as the sensor
number of the (2¢ — 1)-th sub-array and the 2¢-th sub-array
under construction, with v, _,d, n2g—1 = 1,2,..., Nag_1,
and ﬁnqu, naq = 1,2,..., Nog, representing the ny,_1-th and
the ny4-th sensor position of the (2g — 1)-th sub-array and the
the 2¢-th sub-array, respectively. Again due to the symmetry,
we only consider optimizing the positive co-array lags.

Following the same approach, a sensor at the zeroth position
is added first. Then, the cross-difference co-array between the
introduced sensor and the pre-allocated sensors is given by

¢mu%1=:{ﬂ|mhmilS/LSCmWWJJLEZ},

(56)
Dy, = {u | VBoy, S 1S By 1 E Z} ;
where the lower and upper bounds are
l/an2q_1 = Qngq_q hrzna?( b MQ(Q*U )
Can = Qnyy_q + M2 1) >
ot~ e i‘; ) (57)
V/Bngq = anq hmax MQ(qfl) )
Cﬁn'zq = Bn?q + MQ((I—l) :

with h,m(q Vg being the maximum physical array sensor
position in the pre-designed SE-2(¢ — 1)L-NA.

Denote fig? as the n,-th sensor in the g-th sub-array,
and N, is the number of sensors of the corresponding sub-
array. Without loss of generality, large sensor posmons are
assigned to higher level sub-arrays with hql'“ > hqz , Vng, =

1,2,..., Ny, ng, = 1,2,..., Ny, when g; > ¢2. By examin-
ing the cross—difference co-arrays between the two extra sub-
arrays, the consecutive lags associated with 8, d — a,,, ,d
are given by
spanQ _ aﬁng
e (58)
= {1 Vg gy S Gy gy HE L)

where

Va"qul’ﬁ"Wz = ﬁ"Zq — Onpgy — MQ(fI—l) ) (59)

Canzq,I Bray — /Ban — Qpye_y Tt MQ(qfl) .

For a fixed f,,,, the segments of consecutive lags
Porny, 1 Bnaq with respect to a,,_, are designed to be over-
lapped to form a larger uniform linear virtual array at the 2¢g-th
order difference co-array stage, satisfying

Canzq,lJrhﬁan +1=> Vany, 1:Bnag (60)

By solving (60), the inter-element spacing of the 2¢q — 1-th
sub-array is obtained, given by

sz(ﬁl = Qpyy 141 — Ongy < 2M2(q,1) +1. 61)

To simplify the formulations, we fix d Naog_1 and the location

of its first sensor «1d as

dN2q71 = 2M2(q,1) 3 ald = 2M2(q,1)d y (62)

and therefore the sensor positions of the constructed 2¢ — 1-th
sub-array are expressed as

[O[l + (’rqufl — ].)dNqul] d
= 2M2(q—1)n2q—1d )

where Nn2qg—1 = 1,27 [N Ngq 1 — 1.
According to (63), ¢5n and @q,, By, A€ overlapped.
Then, the set of consecutive integers al the 2q-th order

difference co-array stage is
= <‘0a17ﬁnzq U @a276n2q o U @aqu_lflyﬁnzq U ¢ﬂ"2q

By,
= {u | Vangy 1-1.8ngy S 1< Cﬁnzq} :

Opyy_, d =

(63)
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finally removed from our proposed configuration.

with
= ﬁngq
= Bray + Ma(g-1) -

To ensure the segments of consecutive lags in wﬁnzq with
adjacent ngy, are overlapped, the sensors of the 2¢-th sub-array
should satisfy the following relationship:

Van,, y-1Bng, — ANy, -1 — Ma(g-1)

64
o (64)

VQN2(1,1717517,2{1+1 < Cﬁn2q +1. (65)

Then we can obtain the inter-element spacing of the 2g-th
sub-array, given by
= 5n2q+1 - Bnm; < QANyg 11 + 2A7\4'2((1—1) +1
= 2M2(q,1)N2q_1 +1.

We set szq = 2M2(q,1)N2q_1, and 8 = 2M2(q,1)N2q_1
for simplification of the location formulations. The sensor
positions of the 2g-th sub-array can then be expressed as

6n2qd = [2M2(q—1)N2‘1_1 + (n2q - ]‘)leq] d
= 2M2(q,1)N2q_1n2qd 5

d
Nag (66)

(67)

where nyq = 1,2,..., Nyg, and the maximum integer in the
set of consecutive lags at the 2¢-th order difference co-array
stage reaches

Ml = Coy,, = 2Ma(g—1)Nog—1Nog + Ma(4-1) -

max

(68)

We can set My, = I?,Zx to design the two extra intro-
duced sub-arrays. However, for convenience of sensor position
formulations of each sub-array in SE-2¢L-NA, we select
Myq = QMQ(q_l)Ngq_lNQq by sacrificing some potential
DOFs provided by the constructed SE-2gL.-NA, and therefore

(69)
Based on Proposition 2 for SE-FL-NA and (69), we obtain

- 2q
My, = 2971 Hm:1 N,, .

Then the sensor positions of the introduced two sub-arrays
can be expressed as

a—1 2q—2
Oy d =207 [ Nownogad,

2q—1
Brogd =27 [T Nomagd .

Corollary 2: With the defined ozmqfld, the assistant sensor
at 0d can be removed without sacrificing the number of
consecutive lags at the 2¢-th order difference co-array stage.

Proof: See Appendix B.

(70)

(71)

The 2¢-th sub-array

A general configuration of the SE-2¢L-NA, consisting of 2¢ uniform linear sub-arrays. Note that the assistant sensor A at the zeroth position is

According to (62) and (67), it is noted that a; =
2Moq—1y = 2My(q—2)N2g—3N24—2, which means that the
first sensor in the (2¢ — 1)-th sub-array is shared with the last
sensor (the No,_o-th sensor) in the (2¢ — 2)-th sub-array. As
a result, the sensor positions of all sub-arrays in SE-2¢L-NA
(g > 2) can be derived, where the sets S,,, form =1,2,...,2q
are expressed in (51) and (52).

Accordmg to (68), it is obvious that Mrigx =
20 129 Ny, + 297 2[[2%27 N,,, and then the maximum
number of consecutive lags at the 2¢-th order difference co-
array stage is QM2 11,

Remark 4-(1): Different from all the virtual arrays at higher
order difference co-array stage, the physical array does not
share the symmetric property. After selecting an appropriate
inter-element spacing, the first sensor location in each sub-
array is defined to be equal to the corresponding inter-element
spacing, leading to the simplified and enhanced multiple level
nested array (SE-ML-NA).

Remark 4-(2): The sensor position formulations of the SE-
ML-NA in (51) and (52) are simple, and each formulation
is independent of the virtual ULA apertures at the lower
order difference co-array stage. As a result, the SE-ML-NA
is far more comprehensive and also convenient for structure
construction.

V. COMPARISON OF DOFS AND SIMULATION RESULTS

For all simulations, we set d = \/2. After combining the
redundant co-arrays together [28], SS-MUSIC is employed for
DOA estimation, and all the K source signals are uniformly
distributed between —60° and 60°.

A. Comparison and DOA Estimation Results for Configura-
tions Based on the Fourth Order Difference Co-Array

We first focus on the performances of a series of nested
configurations where the standard TL-NA is employed as part
of the array structure, i.e., FL-NA, SAFOE-NA, EAS-NA-NA,
and the proposed E-FL-NA. Then, further comparison between
the E-FL-NA and the 2L-FO-NA will be given in 3).

1) Comparison in the Number of DOFs

For N given physical sensors, more DOFs can be provided
by the proposed E-FL-NA compared with the FL-NA and the
SAFOE-NA due to the larger inter-element spacing in the third
sub-array and the fourth sub-array. As analyzed in [44], the
EAS-NA-NA is capable of resolving more sources than the
SAFOE-NA and FL-NA with the same number of sensors.
For comparison between our proposed E-FL-NA and the EAS-
NA-NA, we have the following corollary:



TABLE 1
COMPARISON OF THE CONSECUTIVE LAGS FOR DIFFERENT ARRAY
STRUCTURES BASED ON THE FOURTH ORDER DIFFERENCE CO-ARRAYS

Array Number of Sensors Number of Consecutive Fourth
Structures Order Difference Co-Array Lags
FL-NA S (Nm—1)+1 2N1NaN3(Ngy +1) — 1
SAFOE-NA an:l(Nm—l)—i-l 2(3N3 —1)N1 Ny —4N3 + 1
EAS-NA-NA 303 _ (Nm—1)+1 Mgast
E-FL-NA S (N —1)+1 Mgt
Examples of different structures for comparison
Array (N1,...,Nm) Number of Number of
Structures 2<m <4 Sensors Consecutive Lags
FL-NA (2,2,2,3) 6 63
SAFOE-NA (2,3,3) 6 85
EAS-NA-NA (2,2,2,3) 6 83
E-FL-NA (2,2,2,3) 6 95
FL-NA (3,3,3,3) 9 215
SAFOE-NA (3,4,4) 9 249
EAS-NA-NA (3,3,3,3) 9 305
E-FL-NA (3,3,3,3) 9 337
FL-NA (3,4,4,4) 12 479
SAFOE-NA (4,5,5) 12 541
EAS-NA-NA (3,4,4,4) 12 735
E-FL-NA (3,4,4,4) 12 801

T Mgas = (2N1 N3 — 1)(2N3Ny — 1) + 2(N1 N2 — 1).
¥ Mg = 2N3N4(2N1 N2 — 1) + 2(Ng — 1)(N1 N2 — 1) — 1.

Corollary 3: Given the same number of physical sensors,
the potential DOFs provided by an optimized E-FL-NA can
be more than any configurations of EAS-NA-NA [44].

Proof: For an EAS-NA-NA with [[% _ (N,, —1) + 1 sen-
sors, its number of consecutive co-array lags at the fourth order
difference co-array stage is Mgas = (2N1No — 1)(2N3 N, —
1) + 2(N1Ns — 1). However, for E-FL-NA, this number is
Mg = 2N3N4(2N1 Ny — 1) + 2(Ny — 1)(N1 Ny — 1) — 1. The
difference between the two for the same (N1, No, N3, Ny) is

AM, = Mg — Mgps = 2(N4 — 1)(N1N2 — 1) >0. (72

To ensure the existence of each level, N, > 2.

As a result, there always exists a configuration in E-FL-
NA which can provide more DOFs than any EAS-NA-NA.
As shown in (30), the inter-element spacing in the fourth sub-
array of an E-FL-NA is N3(2N1Ny — 1) + Ny Ny — 1. The
physical aperture N1 Ny — 1 is not exploited in the EAS-NA-
NA, and thus E-FL-NA is a better configuration for the fourth
order difference co-array enhancement.

The number of consecutive integers at the fourth order
difference co-array stage for different structures is listed in
Table I. It is clear that with a larger inter-element spacing
in the third and fourth sub-arrays, the DOFs provided by
the E-FL-NA is much more than that of an FL-NA with
the same N,,, m = 1,2,3,4. Combined with Corollary 3,
with a fixed number of sensors, E-FL-NA is the best one
offering the largest number of consecutive lags among all
those configurations for the fourth order difference co-array
enhancement.

2) DOA Estimation Results

Now consider examples with N = 6 physical sensors:
(2,2,2,3) for FL-NA, (2, 3, 3) for SAFOE-NA, (2,2, 2, 3) for
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(a) FL-NA (K = 28). (b) SAFOE-NA (K = 34).
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(c) EAS-NA-NA (K = 34). (d) E-NA-NA (K = 34).

Fig. 5. DOA estimation results for different array configurations based on

the fourth order difference co-array.

EAS-NA-NA, and (2,2,2,3) for E-FL-NA.

For the first set of simulations, the SNR is set to be
20 dB. To evaluate the number of distinguishable sources,
a sufficient number of snapshots for calculating the fourth
order cumulant matrix is used, fixed at 500000, and different
number of sources K is used for different configurations. The
DOA estimation results for different array configurations are
shown in Fig. 5, where the dotted lines represent the actual
incident angles of the impinging signals, whereas the solid
lines represent the estimation results. It is clear that FL-NA,
SAFOE-NA and EAS-NA-NA have failed in resolving all the
28, 34, and 34 sources respectively, while the proposed E-FL-
NA has resolved the 34 sources successfully.

In the second set of simulations, we focus on the root
mean square error (RMSE) results to compare the estimation
accuracy of different array configurations through Monte Carlo
simulations of 500 trials. The number of sources K is 10.
Fig. 6(a) gives the results with respect to a varied input SNR,
where the number of snapshots is fixed at 10000. Clearly, the
performance of E-FL-NA is the best, with that of the FL-NA
being the worst. It is noted that the physical aperture for E-FL-
NA is 44d, while it is 23d for FL-NA, 37d for SAFOE-NA,
and 38d for EAS-NA-NA. With the largest aperture in both
physical array and virtual array, the proposed configuration
has consistently outperformed the other three.

In Fig. 6(b), the RMSE results with respect to different num-
ber of snapshots are shown, where SNR is fixed at 0 dB. Due
to a better estimation of the statistics of the involved signals,
the larger the number of snapshots, the higher its estimation
accuracy. Similarly, the performance of the proposed E-FL-NA
is still the best among them.

3) E-FL-NA versus 2L-FO-NA
The 2L-FO-NA structure in [45] consists of two sub-arrays
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Fig. 7. Number of consecutive and unique lags of different configurations
with respect to the number of physical sensors.

with N7 sensors and N, sensors respectively, and it is a
specially designed hole-free configuration with respect to the
consecutive fourth order difference co-array lags where a
number of 16 N1 No — 8Ny + 1 lags is achieved. As illustrated
in [45], when the number of sensors N < 12, the 2L-FO-NA
offers higher number of consecutive fourth order difference
co-array lags compared with SAFOE-NA [42]; otherwise more
DOFs are provided by SAFOE-NA.

As demonstrated earlier, the proposed E-FL-NA outper-
forms the SAFOE-NA. Therefore, we further compare the
number of consecutive fourth order difference co-array lags
of E-FL-NA and 2L-FO-NA versus the number of physical
sensors, as shown in Fig. 7(a), where each point is the
maximum number of consecutive lags among all potential
configurations. We can see clearly that higher number of
the consecutive fourth order difference co-array lags can be
achieved by our proposed E-FL-NA when the sensor number
N >9.

On the other hand, as shown in Remark I, we minimize
the redundancies introduced by each additional sensor under
construction based on a standard TL-NA with certain redun-
dancies, and therefore both the consecutive lags and the unique
lags are increased. However, the TL-NA is not part of the 2L-
FO-NA. Then, we compare the unique fourth order lags of
the two configurations using the same structure analyzed in
Fig. 7(a), and the results are given in Fig. 7(b). Obviously, the
number of unique lags of the proposed E-FL-NA exceeds that
of the 2L-FO-NA for any number of sensors.

Finally, we fix the number of sensors to 6, and the CS-
based method utilizing all unique lags is applied based on the
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(a) RMSE results versus input SNR. (b) RMSE results versus number of
snapshots.

Fig. 8. RMSE results of the E-FL-NA and the 2L-FO-NA.

structures offering the largest number of lags in Fig. 7, i.e.,
E-FL-NA with (2,2, 2, 3) and 2L-FO-NA with (3, 3). Fig. 8(a)
shows the RMSE results with respect to the input SNR, while
Fig. 8(b) gives the RMSE results with repect to the number
of snapshots. It is clear that the E-FL-NA with larger number
of unique lags outperforms the 2L-FO-NA due to its larger
physical and virtual array aperture.

B. Comparison and DOA Estimation Results for Configura-
tions based on High Order Difference Co-Array

1) SE-ML-NA versus ML-NA

For array configurations with the 2¢-th order difference co-
array enhancement, there are Ny sensors in the second sub-
array of a SE-2¢L-NA, while Ny — 1 sensors are included in
the second sub-array of a 2qL-NA.

Corollary 4: With the same number of physical sensors, the
potential DOFs provided by an optimized SE-2¢L-NA can be
more than any configurations of 2qL-NA if Ny, satisfies

3, ¢g=2,
N2q>{27 g>2.

Proof: For comparison with a 2¢gL-NA, whose number
of consecutive lags at the 2g-th order difference co-array
stage reaches My = 2(T12_; Now + [19Z, Nop) — 1 =
2(Nag+1) [T2Z) Ny —1 with 22 _ ¢(N,, — 1) 41 sensors,
we remove the last sensor in the 2¢-th sub-array of a SE-
2gL-NA, and therefore with the same an:l q(Np, — 1)+ 1
physical sensors, its number of consecutive lags arrives at
Msg = 29 T[22} Npu(Nog — 1) + 297 T[22 N,,, + 1. Then
the difference between the two is

AM = Msg — My

(73)

2g—1 2q—2
= JI M [(29 = 2)Nog — 29+ 2)] + 27 [ N +2.
m=1 m=1

Clearly, the second term 29~ [[2Z? N,,, > 0. After re-
moving the last sensor in SE-2gL-NA, the 2¢-th level sub-
array has Ny, — 1 sensors. To ensure the existence of each
level, Ny, should satisfy No; > 2. By forcing the first term
122! Ny, [(29 — 2)Noy — (27 + 2)] > 0, we obtain

m=1
29 + 2
23 g=2,
Nyy > ¢ 20—2 (74)
2q+2>2 > 2
2i—2 =" 7%



TABLE II
COMPARISON OF THE CONSECUTIVE LAGS FOR DIFFERENT ARRAY
STRUCTURES BASED ON THE 2¢-TH ORDER DIFFERENCE CO-ARRAYS

Array Number of Sensors Number of Consecutive
Structures Co-Array Lags
2LNA > o (Nm—1)+1  2(Nag + 1) [1o0=; Nom — 1

SE-2gL-NA 329 (N —1)+2 Mggt
Examples of different structures for ¢ = 2

Array (N1,...,Nag) Number of Number of
Structures q=2 Sensors Consecutive Lags

FL-NA (2,2,2,3) 6 63
SE-FL-NA (2,2,2,2) 6 73

FL-NA (3,4,4,4) 12 479
SE-FL-NA (3,4,4,3) 12 601

Examples of different structures for ¢ = 3

Array (N1,...,Naq) Number of Number of
Structures q=3 Sensors Consecutive Lags

6L-NA (2,2,2,2,2,2) 7 191
SE-6L-NA (2,2,2,2,2,1) 7 321

6L-NA (2,3,3,3,3,3) 12 1295
SE-6L-NA (2,3,3,3,3,2) 12 2809

t Mg = 29 T[29_ | Npp + 297 T[2927 N + 1.
Then for Ny, satisfying (74), we have
AM = Msg — My, > 0. (75)

2) DOA Estimation Results for SE-ML-NA and ML-NA

For SE-ML-NA and ML-NA, the number of consecutive
integers at the 2¢-th order difference co-array stage is listed
in Table II. With a fixed number of sensors, the number of
consecutive co-array lags of SE-2gL-NA is much more than
that of 2qL-NA.

The optimal sensor allocation for a 2¢qL-NA is given in
Corollary 3 in [39]. With the optimal N,,, m = 1,2,...,2q,
the number of sensors in 2¢L-NA is N = Zi‘f:l (Np—1)+1.
Then we set the same N,,, m = 1,2,...,2q — 1, for the
corresponding sub-arrays of the proposed SE-2¢qL-NA, while
N, —1 sensors are allocated to the last sub-array to ensure that
the number of sensors achieves the same N as the 2qL-NA.
Based on this, the number of consecutive lags at the fourth
order stage for SE-2qL-NA and 2¢L-NA (¢ = 2) is shown in
Fig. 9(a), where we can see that the number of consecutive co-
array lags increases significantly with the number of sensors
for the same configuration, while more consecutive lags can
be provided by SE-2¢qL-NA with a fixed V.

Next we analyze the number of consecutive co-array lags at
the 2¢-th order stage with respect to a varied order ¢, as shown
in Fig. 9(b), where the number of sensors is fixed to N = 25
and the optimal sensor allocation is adpted. As expected, an
extremely high number of consecutive lags can be achieved
by SE-2¢L-NA compared with 2¢qL-NA for a fixed ¢, and for
the same configuration, the larger the number of ¢, the higher
its number of consecutive lags.

To analyze the number of distinguishable sources, we set
q = 2, and the input SNR is 20 dB. The number of snapshots is
500000. The DOA estimation results for SE-2¢qL-NA (¢ = 2)
are shown in Fig. 10. Obviously, under the same situation, SE-
2qL-NA is capable of resolving all the 28 sources successfully,
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(a) Number of consecutive lags versus(b) Number of consecutive lags versus
number of sensors. order gq.

Fig. 9. Number of consecutive lags of different configurations.
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Fig. 10. DOA estimation results for SE-2qL-NA (¢ = 2) with different
number of sources.
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Fig. 11.  Number of consecutive lags of different configurations.

while 2¢gL-NA (¢ = 2) fails as already given in Fig. 5(a).
However, SE-2¢qL-NA (¢ = 2) is unable to detect 34 sources,
and therefore its resolution is worse than E-FL-NA in Fig.
5(d) due to the compromise of potential DOFs in array
configuration for simplification.

Then we compare the estimation accuracy of SE-2¢L-NA
and 2qL-NA (¢ = 2), through Monte Carlo simulations of
500 trials. we set the number of sources KX = 10, and the
number of snapshots is 10000. The RMSE results with respect
to a varied input SNR are shown in Fig. 11(a). With a larger
physical array aperture of 31d for the proposed SE-2gL.-NA
compared with 23d for 2¢L-NA and also a larger virtual ULA
aperture corresponding to Table II and Fig. 9(a), the proposed
SE-2¢gL-NA (q = 2) consistently outperforms 2¢qL-NA (¢ = 2)
by a large margin.

The RMSE results versus the different number of snapshots
are shown in Fig. 11(b), where the input SNR is set to 0 dB,



K =10, ¢ = 2, and the number of snapshots is 10000. Clearly,
these RMSE results again verifies the superior performance of
the proposed SE-2qL-NA.

VI. CONCLUSION

The fourth order difference co-array construction problem
has been investigated with a novel enhanced four level nested
array (E-FL-NA) proposed at first based on the fourth order co-
array concept with a significant increase in DOFs. This new
configuration is then simplified, leading to a simplified and
enhanced array structure SE-FL-NA, which is finally extended
to form the array structure SE-2¢L-NA with 2¢ uniform linear
sub-arrays by optimizing the consecutive co-array lags at the
2q-th order difference co-array stage. It has been shown by
simulations that among all considered array configurations,
the proposed E-FL-NA can resolve most sources, and a better
performance can be achieved due to its larger physical and
virtual array aperture. Furthermore, with a fixed number of
sensors, the proposed SE-ML-NA offers many more DOFs
than the ML-NA, especially for a larger ¢, and therefore
superior performances including more resolvable sources and
more accurate estimation results have been achieved.

APPENDIX A
PROOF OF THE COROLLARY 1

After removing the zeroth sensor at Od, the sets of the
positive cross-difference co-array lags between the intro-
duced sensors and the pre-allocated sensors are the same
as those in (19) and (20), with the consecutive sec-
ond order difference co-array lags expressed as P2 =
{p, —=N1 N3 +1 <y < NyNy — 1, u € Z}. However, by con-
sidering ayd = 2N;Nod in the constructed SE-FL-NA as
one of the pre-allocated sensor, an extra co-array lag of
2N1Ny — N1 Ny = NjNy can be acquired at the second
order difference co-array stage, and therefore ®Z is updated
to ®2 = {u, —N1 N2 < pu < N1 Na}, which is the same as in
(36). As a result, (19) and (20) change to

Gany = {1 | Van, <1< Capy €LY,

Oy = (1| sy SH < CopmeZy O
where
Van, = Qny —2N1N2, (q,. = Qny =1+ N1 Ny, 7
Vg, = By —2N1Na, (g, = Bny — L+ NNy

Furthermore, a discrete value of ay,, +N1No = ay, + 01 —
aNz —bNy and B,,, + N1 Ny = B, + a1 —aNy —bNy can be
achieved when a +b = Ny, a,b =1,2,..., N; — 1. Clearly,
aNy - d,bNs - d € Sy. Therefore, the upper and lower bounds
in (77) are finally the same as those in (38).

Then we can derive the sensor positions of the two extra
sub-arrays as shown in (43) and (48), leading to the proposed
SE-FL-NA given in (34), and the same maximum integer in
the set of consecutive fourth order difference co-array lags
M}, can be obtained.

Remark A: Note that for SAFOE-NAs in [42] and E-FL-NAs
in Section III-B, the consecutive lags are maximised with a
displacement equal to the inter-element spacing between the
starting sensor of the constructed sub-array and the last sensor

of a lower level sub-array. Therefore, the co-array segments or
discrete values associated with their a;;d and 1d are unable to
be considered as one overlapped part in the array construction.

APPENDIX B
PROOF OF THE COROLLARY 2

After removing the zeroth sensor at 0d, we still assume that
the set of consecutive lags included at the 2(¢—1)-th difference
co-array stage of the derived SE-2(¢ — 1)L-NA is illustrated
in (55).

By constructing two sub-arrays simultaneously, the positive
part of the cross-difference co-array lags between the intro-
duced sensor and the pre-allocated sensors is given by

¢a7b2q_1 = {:u' | Va“'2q—1 S 1% S C(anq_17/“L S Z} )

(78)
DBy, = {u | V8o, S H =GBy, HE Z} ;
where the lower and upper bounds are given by
Vanyy y = Cngg1 — ﬁﬁg‘ifl) - Mag-1
Conag s = Onagr — Py + Ma(1y
Vors, = B — B Mgy,

gﬁ”zq - /B'VLQq - h?n(iz_l) + M2(<1—1) :

with hﬁg_l)d being the maximum physical arra;/ position in
the pre-designed SE-2(q — 1)L-NA, while h?n(ig_l d represents
the minimum physical array position in the corresponding
array configuration. Note that h?n(izfl)d = 1d after removing
the zeroth sensor.

According to (67), the sensor position set of the (2¢ — 2)-th

level sub-array is
Sa(g—1) = {2M>(q—2)Nag—3n2q—2d} ,

where Nog—2 = 1,27 . ,Ngq_g — 1.

With a given ayd = 2My_1yd in (62) and My4_1) =
2Mj(q—2yNag—3Naq o in (69), we can figure out that the
co-array lag ap,,_, + Myg-1) = aQp,,_, + a1 — a -
2Myq—2)Nog—3—b-2M5(y_2)Nog—3 and By, , +Myq_1) =
Brog_r + a1 — a - 2Myq_9)N2g—3 — b - 2M5(4_2)N2¢_3
when a + b = Nag_2, a,b = 1,2,..., Nog_o — 1. Clearly,
a-2M2(q_2)N2q,3d S SQ(q—l)’ b'QMQ(q_Q)Nqu‘gd S SQ(q—l)'
Therefore, Cq,, , and (g,  ~can be replaced by

(80)

gawq,l = Qpy,, + MQ(‘I*U ’
C,Bn2q = ﬁngq + M2(q71) )

and then the sets of co-array lags in (78) remain the same as
those in (56). As a result, the sensor positions of the extra two
sub-arrays in (71) can be derived.

(81)
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